Received October 3 I, 1989 Accepted August 10, 1990 (JA349) T he principal determinant of fecundity per brood and reproductive output (brood mass) in female brachyuran crabs is body size, such that brood weight is generally constrained to about 10% of female body weight by the space available for yolk accumulation in the cephalothorax (Hines 1982) . Egg size is the major reproductive trait which is highly variable among brachyuran species (Hines 1982 (Hines , 1986a . This high interspecific variability in how the relatively constrained brood mass is partitioned (many small or few large eggs) results in much greater interspecific variation in fecundity than in brood mass for equivalent-sized crabs (Hines 1982) . Because of the relative constraint on brood mass, the number of broods produced per year is probably the other key reproductive trait which exhibits high interspecific variability in brachyuran life history strategies (Hines 1982) . In combination with these size-specific reproductive variables, age and size of mature instars determine The ecological and evolutionary consequences of these apparent covariations of reproductive traits have not been studied extensively in any group of closely related brachyuran species in similar habitats (Hines 1986a) . However, I recently compared their covariation in two species of large deep-sea crabs in the family Geryonidae (Hines 1988) . As in other crab species, body size was the primary determinant of reproductive output in the deep-sea species; however, their brood masses at 16 and 22% of body weight are considerably larger than the 10% average for other crab species and are near the upper extreme of apparently typical interspecific variation. They also had very large eggs and relatively low fecundity per brood compared with many species of similar size. Comparison of covariation in reproductive traits between the two species showed that one (Geryon quinquedens) had a 50% larger volume of the body cavity, resulting in a 50% larger brood mass, than the other (G. fenneri). Despite its larger brood mass, egg size in G. quinquedens was about twice as large as in G. fenneri, resulting in about equal size-specific fecundity per brood in the two species. There are no other published comparisons of reproductive traits among an array of closely related brachyuran species which span a broad size range.
The brachyuran genus Cancer comprises 23 extant species distributed throughout the cold temperate and boreal zones of the Pacific and Atlantic oceans (Mackay 1943; Nations 1975 Nations , 1979 . Species in the genus span a wide range of body size at maturity. Because several of the larger species are conspicuous and form the basis of historically lucrative or of currently developing fisheries, the biology of several important commercial species is well studied: C. magister (e.g. Poole 1966; Wild and Tasto 1983; Melteff 1985) , C. pagurus (e. g. Hancock and Edwards 1967; Ingle 1981), C. anthonyi (Anderson and Ford 1976; Shields 1987 ), C. antennarius (Carroll 1982 ), C. productus (Trask 1970 , and C. borealis (Haefner 1977; Sastry 1977; Carpenter 1978) . Although not commercially important, C. irroratus is also relatively well studied (e.g. Krouse 1976; Haefner 1976; Reilly and Saila 1978) because of its ecological importance in shallow subtidal communities of the North Atlantic and also apparently because of its proximity to concentrations of marine biologists in northeastern North America. The biology of the nine species which occur along the west coast of North America has been reviewed (Garth and Abbott 1980), and Orensanz and Gallucci (1988) recently provided valuable new information on the growth and life histories of C. oregonensis, C. gracilis, and C. productus. Thus, data on the rate of brood production, as well as size and age of reproductive instars, can be extracted from the literature for at least eight species of Cancer. However, there has been no detailed analysis of the group's reproductive patterns employing appropriate allometric, statistical, and demographic methods for interspecific comparisons. Moreover, most of these key reproductive variables have been inadequately quantified, even though they comprise demographic traits which should be considered for sound fisheries management of commercially important species.
This study compares brood weight, fecundity per brood, and egg size as a function of female body size in nine species of Cancer from the north-temperate and boreal and zones of the eastern Pacific and Atlantic oceans. In combination with data on age, size, and brood production rates extracted from the literature, these size-specific reproductive variables are used to estimate the schedules of brood production and fecundity over the maximum life span of eight of the species. I also compare the pattern of covariation in reproductive traits in the genus with the apparently general pattern for brachyurans determined from species representing a diverse array of families (Hines 1982) .
Methods
Samples of 5-15 ovigerous females of each of nine species of Cancer were obtained from locations and sources listed in Table 1 . The samples selected females which spanned the size range of ovigerous females collected from populations at the sites. Although the size range of sampled crabs did not necessarily span the range reported in the literature for reproductive females, the range of sampled crabs was in all cases more than adequate to determine the size-dependent regressions for reproductive variables (see Results). The collections selected crabs with brooded embryos in developmental stages from late blastula to early gastrula to avoid confounding effects of embryonic diameters swelling during late stages of development or of egg loss from the brood during incubation. The samples were frozen and then fixed in 10% formalin-seawater and stored in 70% ethanol until they were processed. Processing followed the method of Hines (1982, 1988) , in which the following variables were measured for each crab: maximum (spine-to-spine) carapace width (millimetres) of the female, female dry body weight (grams), dry weight (grams) of the brooded egg mass, average volume (cubic millimetres) of an egg, calculated for a sphere for females of eight of the nine species sampled. These data were combined with the size-specific reproductive output determined empirically from the sampled crabs to estimate schedules of brood mass production and fecundity over the maximum life span of the species and to estimate the cumulative maximum lifetime brood weight and cumulative maximum lifetime fecundity for the species.
Data were analyzed with regressions of log-log transfor- 
Results
Mature females sampled within most of the nine species varied widely in body size. The sample of C. oregonensis had the largest range in size, with the largest individual being 4.6 times the carapace width and 102 times the dry body weight of the smallest individual (Tables 2 and 3 ). In contrast, the sample of C. magister ranged only 1.2-fold in carapace width and that of C. borealis ranged only 2. I-fold in dry body weight from the smallest to largest individuals (Tables 2 and 3 ). These size ranges were judged to be adequate samples of variation within species for three main reasons: (1) analyses of size dependence in reproductive variables yielded significant regression coefficients in all nine species, which is an important component of the subsequent allometric considerations (Table 2) ; (2) with careful consideration of exceptions, the ranges of most of the samples closely matched the size range of reproductive females reported in the literature (see below, Tables 3 and 4); and (3) the mean sizes of sampled females closely matched the average size of reproductive females reported in the literature for each of the nine species (see below, Tables 3 and 4). Mean body size of the females among the species ranged over sixfold in carapace width and about two orders of magnitude in dry body weight from 23 mm and 1.2 g, respectively, in C. oregonensis to 163 mm and 200 g, respectively, in C. pagurus (Tables 2  and 3 ; Fig. 1 ). Log body weight differed significantly among species (ANOVA, F(R,Rl) = 66.04, P < 0.001). However, all of the species except the smallest (C. oregonensis) overlapped considerably in body size, and even C. oregonensis represented a clear continuum in body size of the group (Table 3 ; Fig. 2  and 3 ).
Nemertean worms (Carcinonemertes spp.) were observed in the egg masses of only one species (c. magister), but these infections were in their earliest stages and judged not to have impacted the egg masses significantly (Wickham 1979a (Wickham , 1979b (Wickham , 1980 .
Mean egg size ranged from 311 fJ.-m in diameter and 0.0157 mm 3 in volume for C. anthonyi to 442 fJ.-m and 0.0452 mm 3 for C. magister ( 94.32, P < 0.001). When adjusted for differences in female body size, least squares mean brood weights were similiar but still differed significantly and ranged from about 2.6 g in C. pagurus to 10.28 g in C. magister ( Fig. 1 ; ANCOVA on log brood weight with log body weight as a covariate, F(8.81) = 2.17, P < 0.05). Brood weight as a proportion of female of different-sized crabs utilized ANCOVA with female body weight as the covariate after testing for homogeneity of variances with F max tests (Sokal and Rohlf 1981) 
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FIG. 3. Comparison of number of eggs per brood as a function of dry body weight for nine species of
Cancer listed in Table 1 . Regression equations are given in Table 2 . Numbers coded for each species plot the points for each brood. Note log scales.
lative fecundity also is an approximately linear, isometric function of maximum body size, but variation among species about the regression is considerably greater than for brood weight ( Fig. 4B ; log Cumfecund = 1.003 log Maxbodwt + 4.621; ANOYA, F(1.6) = 49.82, P < 0.001, R 2 = 0.89).
Discussion
The basic patterns of reproductive variables and constraints in the Cancridae conform generally well with those determined earlier for a broad array of brachyuran species (Hines 1982) . Female body size is clearly the principal determinant of reproductive output and fecundity in the nine cancrid species, which spanned two orders of magnitude in mean body weight among species and often ranged an order of magnitude in body weight among ovigerous individuals within species. As a result of variation in body size, reproductive output and fecundity per brood also ranged about two orders of magnitude among species and one order of magnitude among individuals within species. Although the species differed significantly in brood weight and fecundity per brood after adjusting statistically for variation in body size, variation among species is relatively small. It is evident that brood size and fecundity are similar among equivalent-sized females (Fig. I) , with all species exhibiting a similar allometric relationship (Fig. 2 and 3) . These cancrid species apparently produce a small number of broods per year, typically only about one or two over the winter season. Cumulative reproductive output and fecundity over the predicted life spans of each species exhibit nearly isometric relationships for the group, although cumulative fecundity is more variable than cumulative brood weight (Fig. 4) . In contrast with reproductive output and fecundity, egg size did not vary with female size within or among species, but egg volume varied about threefold among species (Fig. 1) . Thus, female body size and egg size appear to be the major variables of reproduction in the Cancridae, while brood weight adjusted for body size and the number of broods per season are relatively constant. Fecundity per brood and fecundity per life span appear to follow as direct consequences of female size limits on reproductive output, albeit with increased variance.
The comparative data reported for reproductive variables of the nine cancrids in this paper are generally corroborated by the literature on individual species. For some species, the size range of reproductive females is wider than those of my relatively limited samples, especially for C. borealis, C. antennarius, C. productus, C. magister, and C. pagurus (compare sizes in Tables 3 and 4) . Both maximum and minimum size at maturity vary geographically within some species, especially C. irroratus (Scaratt and Lowe 1972; Krouse 1976; Haefner 1976; Reilly and Saila 1978; Bigford 1979; Campbell and Eagle 1983) . However, the size-dependent regressions provided from my samples allow comparative estimates of reproductive variables for all sizes of females within each species. There are essentially no other published measures for brood weight in cancrids, except by Hankin et al. (1985) for C. magister with somewhat smaller brood weights for equivalent-sized females (about 16-26 g versus about 16-32 g in my samples). Fecundities per brood in species with published estimates correspond 151 mm carapace width, respectively (Gutierez and Zuniga 1976) , which is also about the fecundity of C. magister. The occurrence of "skip molting" in some larger females of Some species may reduce fecundities per brood, perhaps because females lack adequate stored sperm without copulation between each brood, as suggested by Hankin et al. (1985) for C. magister. Extrapolated numbers of eggs per brood for the largest instars of C. antennarius, C. anthonyi, and C. pagurus (Table 4) are about 1.5 times higher than values directly estimated for any sampled crab. However, rigorous quantitative tests of this hypothesis are lacking in most species.
The pattern of covariation in reproductive traits in the Cancridae contrasts with that in the Geryonidae (Hines 1988). Relative brood size was somewhat smaller in the cancrids (11-19% of female body weight) than in the geryonids (16-22%). However, egg size in the cancrids is much smaller than in the geryonids (by nearly an order of magnitude in volume, about 0.03 mm 3 in cancrids versus about 0.15 mm 3 in geryonids), which have among the largest eggs of the Brachyura with planktotrophic larvae (Hines 1986a (Hines , 1988 . As a result of this difference in egg size, cancrids have much higher fecundity per brood than geryonids of comparable body size (by nearly an order of magnitude, about 1 000 000 eggs in cancrids versus about 225 000 eggs in geryonids). Cancrid eggs, however, are not unusually small, and many species in other families have eggs which are of similar size (e.g. Grapsidae, Ocypodidae, and Xanthidae) or smaller (e.g. Portunidae and Pinnotheridae) (Hines 1986a) . Although the fecundities of several cancrids (e.g. C. antennarius, C. anthonyi, and C. pagurus) are among the highest reported for a brachyuran species, much ofthe high fecundity results from their large body size. Some other species of crabs (e.g. Callinectes sapidus with 1-2 million eggs; Hines 1982) produce comparable numbers of eggs per brood at smaller body size.
Thus, reproductive strategies in the Cancridae appear to have evolved in direct covariation with body size, which is in tum related to variation in growth patterns in the life histories of the species (see Orensanz and Gallucci 1988) . The biogeographic restriction of cancrids to cold temperate and boreal zones (Mackay 1943; Nations 1975 Nations , 1979 apparently restricts the brooding activity in most species to a winter-spring season that results both in larval release during the spring peak of plankton production and in settlement during warm summer temperatures optimal for growth. This seasonal restriction may limit the rate of brood production, and the allometric constraint on brood size by body space for yolk accumulation (Hines 1982 (Hines , 1988 further restricts variation in reproductive output. Variation in fecundity is inherently constrained by a trade-off with egg size (Hines 1982 (Hines , 1986b . Because the Cancridae apparently have evolved a pattern of covariation in reproductive traits which differs from the Geryonidae, detailed analyses of reproductive patterns in other families radiating into other ecological zones will be necessary to understand fully the evolutionary constraints and variables ofbrachyuran reproductive strategies.
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